Energetic particle irradiation is used to systematically introduce point defects into
The discovery of the narrow bandgap of InN at ~0.7eV [1, 2] extends the range of the direct gaps of group III-nitride alloys into the near infrared spectral region and creates the potential for new applications such as tandem solar cells [3] . An intense research effort has been aimed at elucidating the details of the electronic and optical properties of InN and In-rich group III-nitride alloys. The low value of the bandgap of InN has been confirmed by many research groups using a variety of experimental techniques [4] [5] [6] [7] .
There have been also a number of reports which argue for the bandgap values in the range from 1.2 to 1.5 eV [8, 9] . It should be noted however that all InN and In-rich InGaN films are n-type as grown, with electron concentrations ranging from mid 10 17 to high 10 20 cm -3 . Thus, in many instances the larger apparent values of the bandgap could be attributed to the Burstein-Moss shift of the optical absorption edge resulting from the occupation of conduction band states by free electrons [10] .
The exceptional propensity of InN for n-type doping is consistent with the recent finding that the pinning of the surface Fermi level well above the conduction band edge (CBE) leads to a large surface electron accumulation [11, 12] . Since the pinning energy has been found to be independent of the surface preparation conditions, native donor defects are the most likely source of the surface electrons. The above results indicate that native defects play a crucial role in determining the electronic properties of InN and Inrich group III-nitride alloys.
In this paper we report on investigation of the effects of intentionally introduced defects by high energy particle irradiation on the electronic properties of InN and In 1-
x Ga x N alloys. We show that the incorporation of native point defects in the bulk or on the surface is controlled by the location of the Fermi energy relative to a common energy reference -the Fermi level stabilization energy (E FS ) [13, 14] . Based on our results, the extreme propensity of InN and In-rich InGaN alloys for n-type doping can be explained by the relative position of E FS to the band edges.
Epitaxial InN and In 1-x Ga x N thin films (310-2700 nm thick) used in this study were grown on c-sapphire substrates by molecular beam epitaxy (MBE) with a GaN (~200 nm thick) buffer layer [15] . We used the displacement damage dose methodology developed by the Naval
Research Laboratory for modeling solar cell degradation in space environments to scale the irradiation damage [16, 17] . The displacement damage dose (D d , in units of MeV/g) is defined as the product of the non-ionizing energy loss (NIEL) and the particle fluence.
For the films irradiated here, the NIEL was either obtained from the tables in Ref. 16 (for electron irradiation) or from the SRIM (the Stopping and Range of Ion in Matters)
program [18] (for proton and 4 He + irradiation as detailed in Ref. 17) .
To avoid problems with sample inhomogeneity and variations in the properties of the metal contact in the Hall measurements, the evaluation of the proton and Our results can be readily understood, using the amphoteric defect model [13, 14] . is larger than that of any other semiconductor. This unique location of the CBE explains the extreme n-type activity and the effect of defects on the properties of InN. Since E FS is located high in the conduction band (~0.9 eV above the CBE), native donors are the dominant defects introduced by irradiation damage, and, at large doses, these defects push the Fermi energy (E F ) towards E FS . When the damage is sufficiently high, the electron concentration saturates at a certain value (which we call N S ) as E F reaches E FS .
At this point acceptor-and donor-like defects are incorporated at the same rate and compensate each other. The Fermi level is pinned at E FS and it does not change with further radiation damage. For In 1-x Ga x N alloys, as x increases (more Ga), the CBE moves closer to E FS , which results in a lower value of N S . In In 1-x Ga x N with a Ga fraction higher than 66%, E FS falls below the CBE, i.e., inside the bandgap. In pure GaN, E FS is located ~0.7eV below the CBE; therefore, in an n-type sample E F lies above E FS and radiation-induced native defects are of acceptor-like character and are expected to compensate the donors, reducing the electron concentration. This is indeed what is observed in Fig. 1 for GaN. The same effect is expected (and observed) in n-type GaAs; in this case irradiation moves E F into the lower half of the band gap, resulting in highly resistive material.
To quantify the effect of the particle irradiation on the electron concentration, we calculated N S using the following expression [19] for a nonparabolic conduction band
where m* is the band edge effective electron mass, E C is the energy of the CBE, and E g is the bandgap. An additional important factor is the band-gap renormalization effect [20] .
At sufficiently high electron concentrations electron-electron and electron-ion interactions can significantly reduce the fundamental bandgap. Here both effects contribute to the shift of the CBE whereas the energy of the defect level is affected only by the electron-ion interaction. Consequently the net shift of the CBE with respect to the localized defect level is given only by the electron-electron interaction. Our results show that, as predicted by the amphoteric defect model, incorporation of a high concentration of point defects stabilizes the Fermi energy at E FS . It has been demonstrated before that the same effect is responsible for the pinning of the Fermi energy on the semiconductor surfaces [13, 14] . To test this assertion we carried out measurements of the surface accumulation effect in InGaN alloys using the ECV technique. In this method a potential is applied across the electrolyte/semiconductor interface to probe the charge distribution below the semiconductor surface. A Helmholtz double layer, formed in the electrolyte, acts as an insulator whose capacitance can be changed by varying the applied bias [21] . Charge density can be obtained from the capacitance and applied bias [22] . The good agreement between the surface electron concentrations and the radiation damage-stabilized N S indicates that in both cases the same, most likely vacancy-like, defects are responsible for the stabilization of the Fermi energy. This is the first experimental evidence that the amphoteric defect model, which has been successfully used to describe defect behavior in standard III-V semiconductors, is also applicable to group III-nitride alloys. Using known band edge alignments [23] we can position E FS in all group III-nitrides. For instance, in In 1-y Al y N alloys E FS falls below CBE for y > 0.29, whereas at the AlN end point it is located 2.7 eV below CBE.
In conclusion, we have shown that the incorporation of high concentration of native defects produced by high energy particle irradiation stabilizes the bulk Fermi The bulk carrier concentrations, determined from Hall Effect, are shown in the legend.
